INTRODUCTION
goblet cells per villus (Baurhoo et al., 2007a,b; Solis de los Santos et al., 2007) , in digestibility and BB enzyme activity (Yang et al., 2007a,b) , and in gut immune responses (Newman, 1994; Kocher et al., 2004; Baurhoo et al., 2007b) . Furthermore, MOS has been shown to alter the gut microflora (Fernandez et al., 2000; Baurhoo et al., 2007a) by reducing the number of pathogenic bacteria that colonize the gastrointestinal tract (Spring et al., 2000; Fernandez et al., 2002) .
Although MOS effects are broadly studied, the specific mode of action underlying the beneficial effects of MOS remains unclear. It is suggested to involve several bacterium-related mechanisms, including pathogen exclusion through competitive binding to the mannosespecific type 1 fimbriae of certain pathogens such as Escherichia coli and Campylobacter, thereby altering the gut microflora (Spring et al., 2000; Baurhoo et al., 2007a; Yang et al., 2008a) . Recently, other mechanisms have been suggested for the effects of indigestible oligosaccharides, including direct interaction of the oligosaccharides with carbohydrate receptors on intestinal epithelial cells and immune cells, and partial absorption of the oligosaccharides (Seifert and Watzl, 2007) .
Based on these suggested mechanisms, we set out to test the hypothesis that administration of MOS before hatch into the sterile intestine of the chicken embryo (Yegani and Korver, 2008) would affect intestinal development and functionality without the mediation of gut microflora. Accordingly, MOS (Alltech Inc., Nicholasville, KY) was provided to broiler embryos using an in ovo feeding technique (Uni and Ferket, 2004) . This technique enriches amniotic fluid with nutrients and therefore enables direct contact of the administrated substance with the small intestine and enterocytes following amnion fluid swallowing by the embryo. The effects of the administered MOS were compared with 2 control groups: saline (NaCl)-injected and noninjected broiler embryos. Effects on intestinal development and function were determined by examining gut morphology, activity of the digestive enzymes amino peptidase (AP) and sucrase isomaltase (SI), and mRNA abundance involved in BB digestion and absorption processes [sodium-dependent glucose cotransporter 1 (SGLT1), peptide transporter 1 (PepT1), AP, and SI, in addition to mRNA abundance of secreted mucin (mucin 2; MUC2) and the toll-like receptors (TLR) TLR2 and TLR4].
MATERIALS AND METHODS

Incubation Procedures, In Ovo Administration of MOS, and Growth
Fertile eggs (Cobb 500) were obtained from a maternal flock in a commercial hatchery (Brown Ltd., Hod-Hasharon, Israel) that was 41 wk in lay. The eggs were incubated under standard conditions at the Department of Animal Sciences of the Hebrew University (Rehovot). At E17, 300 eggs containing viable embryos were divided into 3 groups of 100 eggs each. Two groups were injected, using a 21-gauge needle, with sterile solutions (0.6 mL/egg) by in ovo feeding procedure (Uni and Ferket, 2004) . The first group was injected with 0.1% (wt/vol) MOS (Alltech Inc.) in 0.9% (vol/vol) NaCl (referred to as the MOS group), and the second group was injected with 0.9% NaCl (referred to as the NaCl group). The third group was not injected (NI) and served as a negative control. Eggs were sprayed with 75% ethanol before and after the in ovo procedure and were placed in hatching trays. Hatchability (90-91%) was equal for all groups. After hatch, chicks were placed in the hatchery. Birds were kept in pens (45 birds/pen) for the 3-d trial period. Posthatch feed, which was formulated to meet National Research Council (1994) requirements as appropriate, was offered ad libitum, and water was freely available at all times during the trial period. Mortality was recorded as it occurred (negligible; data not shown). All experimental procedures followed established guidelines for animal care and handling and were approved by the Hebrew University Institutional Animal Care and Use Committee
Tissue Sampling
Embryos or chicks from each group (MOS, NaCl, and NI) were killed on E18, E19, E20, day of hatch (DOH; within 2 h of clearing the shell), and d 3 posthatch. The small intestine was removed from each animal (excluding the duodenal section) and 2-cm segments were placed into 2 separate tubes: ileal segments (n = 8) were frozen in liquid nitrogen and stored at −80°C for mRNA abundance analysis and activity determination of 2 BB enzymes AP and SI, and jejunal segments (n = 4) were fixed in 4% (vol/vol) neutral-buffered formalin solution for histology (on DOH only). At hatch, cecal contents were collected from 8 embryos to determine bacterial presence via detection of bacterial genomic DNA.
Morphological Examination
Intestinal segments from DOH (4 from each study group) were fixed in 4% (vol/vol) buffered formaldehyde, dehydrated, cleared, and embedded in paraffin. Serial sections were then cut at 2 μm, deparaffinized in xylene, dehydrated, and stained with hematoxylin and eosin. Ten villi and crypts were measured in each chicken from each group. The gastrointestinal morphological variables evaluated were villus height, villus surface area, intestinal muscle thickness, and crypt depth. The measurements from each animal were then averaged to estimate a mean value for each variable per treatment (n = 40). The villus height was measured from the top of the villus to the top of the lamina propria. Villus surface area was calculated by the formula 2π × VH × (VW/2), where VH is villus height and VW is villus width (Uni et al., 1999) . Intestinal muscle thickness was measured in the space between the base of the crypt and the edge of the muscle tissue. Crypt depth was measured from the base upward to the transition region between the crypt and the villus. Neutral goblet cells were detected by staining 2-μm sections with periodic acid-Schiff stain (PAS) as described previously (Smirnov et al., 2005) . Following deparaffinization and dehydration, slides were incubated in 0.5% periodic acid for 5 min, washed and incubated with Schiff's reagent (Sigma Chemical Co., St. Louis, MO) for 20 min, and counterstained with hematoxylin for 5 min. The number of PAS-positive cells staining a red color along the villi was counted by light microscopy. All slides were analyzed under an Olympus Optical BX40F-3 microscope (Olympus, Center Valley, PA). Evaluation of morphological measurements was performed using Cell B 2.4 Olympus Biosystems software.
BB Enzyme Activity
Enzyme activities were assayed in homogenized ileum tissue (100 mg of tissue/0.5 mL of water) using Ultraturrax T-25 (IKA, Staufen, Germany). The SI (EC 3.2.20) activity was assayed colorimetrically using maltose as a substrate (45 min incubation at 37°C; Dahlqvist, 1964; Palo et al., 1995; Uni et al., 1999) and was defined spectrophotometrically at 492 nm according to the manufacturer's instructions (kit no. TR15103; Thermo Electron, Louisville, CO). The AP (EC 3.4.11) activity was assayed by hydrolysis of lleucine-p-nitroanilide for 15 min at 37°C. p-Nitroanilide was determined spectrophotometrically at 405 nm (Benajiba and Maroux, 1980; Uni et al., 1999) and calculated according to the manufacturer's instructions (Randox LAP kit, Spinreact S.A, Girona, Spain). Total protein was determined using Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA) for protein concentration following detergent solubilization (Bradford, 1976) .
Total RNA Extraction and cDNA Synthesis
Total RNA was isolated (Chomczynski and Sacchi, 1987) from the intestinal segments using TRI reagent (10 mL/g of tissue) according to the manufacturer's protocol (Molecular Research Center, Cincinnati, OH). Quantification of RNA was done spectrophotometrically (NanoDrop ND-1000 spectrophotometer, NanoDrop, Wilmington, DE). Reverse transcription was carried out using the EZ-First Strand cDNA Synthesis Kit for RT-PCR according to the manufacturer's protocol (Biological Industries, Beit Haemek, Israel). The reaction was performed using RNA at 1 μg/μL at 70°C for 10 min followed by 60 min at 42°C and 15 min at 70°C.
Bacterial Genomic DNA Extraction
Bacterial genomic DNA was isolated from the cecal content using the Wizard Genomic DNA Purification Kit according to the manufacturer's protocol (Promega, Madison, WI). Bacterial genomic DNA presence and concentration were checked spectrophotometrically.
Real-Time PCR
To assess the relative mRNA abundance of AP, SI, SGLT1, PepT1, MUC2, TLR2, and TLR4 the genes were normalized on E20, DOH, and d 3 against an endogenous reference gene (glyceraldehyde 3-phosphate dehydrogenase; GAPDH) using the comparative threshold cycle (Ct) method. To validate this method, serial dilutions (0.2, 0.04, 0.008, and 0.0016) were prepared from intestine cDNA for each day tested, and the efficiencies of all of the genes and GAPDH were compared by plotting Ct versus log(template). Gene-specific primers were used for SYBR Green detection according to the published cDNA sequences for each of the studied genes. Primers used for the real-time PCR were either designed with the aid of Primer Express 2.0 software (PerkinElmer,
CCTGTGCAGACCAAGCAGAAA, MUC2C-R:
CCTCTGAGTTTTTCAGCAAAGAA-CAC] or taken from previous work [AP, PepT1, SGLT1 (Gilbert et al., 2008) , TLR2, TLR4 (Higgs et al., 2006) ]. The PCR mixture consisted of 3 μL of diluted cDNA sample, 200 nM of each primer, and 10 μL of Platinum SYBR Green qPCR super mix-UDG (Invitrogen, Carlsbad, CA) in a final volume of 20 μL. The R 2 value and slope were calculated by linear regression for all genes tested. Amplification was carried out in a Stratagene Mx3000p cycler (Stratagene, Amsterdam, the Netherlands) according to the manufacturer's protocol. All PCR were performed in ABgene PCR plates closed with Absolute QPCR seals (Thermo Fisher Scientific Inc., Waltham, MA) under the following conditions: 50°C for 2 min, 95°C for 2 min, and 40 cycles of 95°C for 30 s and 60°C for 1 min. In addition, a melting curve was determined according to the manufacturer's instructions. Each gene was amplified independently in triplicate within a single instrument run. Results were analyzed with the MxPRO QPCR Software (Stratagene). A dissociation curve analysis was run after each real-time experiment to confirm the presence of only 1 product. To control for false positives, a nontemplate control was run for each template and primer pair. Fold change was calculated relative to the control using the relative quantification mathematical model method (Pfaffl, 2001) including the efficiencies (calculated by MxPro softwere; Stratagene) for all of the experimental genes and GAPDH (internal control). The mRNA abundance was determined by analyzing the resultant Ct values for each sample (gene of interest), normalized to the level of GAPDH mRNA abundance for the same RNA sample.
Statistical Analysis
Treatment-dependent changes were analyzed by ANOVA. Statistical differences among means were considered significant at P ≤ 0.05. A posthoc test (TukeyKramer) was performed following ANOVA. JMP version 6.0 (SAS Institute, Cary, NC) was used for all analyses. Values are presented as means ± SEM.
RESULTS
Morphological Observation and Cecal Microflora
Significant effects were observed on gut structure development following 1 dose of MOS administration prehatch. The effects of the treatments on the morphometric parameters are summarized in Table 1 . histological assessment of the jejunum sections on DOH showed larger villus height and area after MOS administration compared with both control groups. However, in the MOS group, crypt depth and number of goblet cells per villus were significantly higher compared with only the NaCl control group, whereas intestinal muscle thickness was significantly higher compared with only the NI control group. Villus height was more uniform following MOS treatment relative to both controls, in which a nonuniform pattern was seen (Figure 1) . No bacterial DNA was found in the cecal contents at hatch, when hatchlings were sampled 2 h after clearing of the shell.
BB Enzyme Activity
An increasing trend in activity was seen with age for both enzymes (see NI control in Figures 2 and 3) . The AP activity (Figure 2 ) on E18 (24 h after MOS administration) was significantly higher than in the NI control, whereas on E19, E20, and d 3 no significant differences were found. On DOH (4 d after MOS administration), AP activity was significantly higher than in both of the controls. The SI activity showed a different activity pattern, where on E18, MOS-treated groups and NI controls showed significantly lower levels than the NaCl control. However, on DOH, SI activity was significantly higher in the MOS and NaCl groups than in the NI control. On E19, E20, and d 3, SI activity showed no significant differences between MOS and both control groups.
mRNA Abundance
The Ct ratios (gene:GAPDH) for each of the genes in each group on the days tested are shown in Table  2 ; lower Ct ratio values indicate a higher abundance level. On E20, 72 h after MOS administration, the fold change mRNA abundance of MUC2 increased in the MOS group compared with the controls (Figure 4) , whereas no significant differences were observed for AP abundance. On DOH (4 d after administration), an increase in fold change abundance of AP, SI, and TLR4 was noted ( Figures 5A, 5B , and 6A, respectively). However, the MUC2 Ct ratio showed no significant differences between the MOS group and controls, and TLR2 mRNA abundance was significantly lower in the MOS group than in the NaCl control but with no significant difference compared with the NI control ( Figure 6B ). On d 3 (7 d after MOS administration), only AP mRNA abundance was significantly higher in the MOS group compared with both controls ( Figure 5A ), whereas no significant differences were seen in SI activity ( Figure  5B ) and transporters on that day. The MUC2 mRNA abundance in the MOS group was significantly lower than in the NI controls, but not significantly different from the NaCl control (Figure 4) . The same results were obtained for TLR2 mRNA abundance, which decreased on d 3 (7 d after MOS administration; Figure  6B ) compared with the NI control. Although expression was detected, no differences were found in the relative mRNA abundance of the BB transporters PepT1 and SGLT1 on any of the days examined (Table 2 ).
DISCUSSION
We found that administration of 1 dose of MOS during the prenatal period to late-term embryos, when the intestine is under intensive process of development, leads to changes in gut morphology, functionality, and innate immunity, implying early maturation of the small intestine of the chick, independently from microflora presence. Results indicated that MOS administration before hatch affects mRNA abundance of SI, AP, MUC2, TLR2, and TLR4 in different patterns. First to respond was the mucin-secretion system on E20 (72 h after administration), when a significant 3-fold increase in MUC2 mRNA abundance was noted. Next to respond were the BB membrane enzyme genes, which exhibit at DOH (96 h postadministration) a 5-fold increase in AP mRNA and a 2-fold increase in SI mRNA. A response of immune-related genes in the gut was also found on DOH: TLR4 mRNA abundance was significantly (2-fold) higher in the MOS group. Increased TLR4 and TLR2 are associated with an enhanced gastroepithelial barrier, which provides defense against pathogen invasion and infection (Chen et al., 2007) . Accordingly, the MOS group exhibited enhancement of the innate line of defense against infectious organisms, which gives a clear advantage to the hatchlings on DOH.
The effect of MOS was also demonstrated on DOH in which greater villus height and area as well as intestinal muscle thickness were observed. Both controls showed a less well developed villus pattern (Figure 1) as indicated by the nonuniform villus length, a pattern compatible with a less mature intestine (Uni et al., 2003) , whereas the MOS-treated group showed a more uniform villus length, indicating a more mature degree of development.
The early maturation of several BB enzymes following MOS treatment was evidenced on DOH by the 44% increase in AP biochemical activity and the 36% increase in SI activity compared with the NI group. These results reflect the actual digestive capacity of the enterocyte and indicate its higher maturation status in the MOS group.
However, the beneficial effect of 1 dose of MOS on intestinal development is temporally limited because on d 3 (7 d after MOS administration) a decrease in MUC2 and TLR2 mRNA abundance was observed in the MOS group compared with the NI group. In addition, no differences were found between the MOS group and controls in the BB enzyme SI on d 3 and, although AP mRNA abundance was still significantly higher in the MOS treatment than in the controls, it exhibited lower fold change differences than on DOH. This is probably attributable to the administration of a single MOS dose rather than a continuous administration regiment.
Taken together, these results demonstrate the positive effects of in ovo-administrated MOS on intestinal maturation and development from 24 h after in ovo administration until the first days posthatch. In this study we used a saline control group to determine whether the effects seen resulted from the medium solution (NaCl) or the MOS itself. Because saline solution comprises the ions Na + and Cl − , which have many metabolic and nonmetabolic roles in the intestine and in general, it is reasonable to see significant effects after saline administration in ovo. Accordingly, the results show some effects of NaCl on gene expression of MUC2, TLR2, and TLR4 and on enzymatic activity.
The experimental model used in this research, in which we delivered the MOS supplement into the sterile intestine of the chicken embryo, enabled us to examine whether MOS has a direct effect on intestinal development in the absence of microflora. The positive effects of MOS on growth performance, gut development, and morphology are well documented (Spring et al., 2000; Baurhoo et al., 2007a Baurhoo et al., ,b, 2009 Solis de los Santos et al., 2007; Yang et al., 2008a,b,c) ; however, these effects have been attributed to changes in microbial ecology. Several modes of action have been suggested for the effects of dietary supplementation of MOS (Spring et al., 2000; Baurhoo et al., 2007a Baurhoo et al., ,b, 2009 ); all of them assume the involvement of intestinal bacteria. One suggested mode of action is pathogen exclusion by MOS: several studies have shown that MOS supplementation in chicken diets results in pathogenic exclusion from the 1 Values (n = 8) are means ± SEM. 2 AP = amino peptidase; SI = sucrase isomaltase; PepT1 = peptide transporter 1; SGLT1 = sodium-dependent glucose cotransporter 1; MUC2 = mucin 2; TLR2 = toll-like receptor 2; TLR4 = toll-like receptor 4.
3 MOS = injected with 0.1% (wt/vol) mannan oligosaccharide (Alltech Inc., Nicholasville, KY) in 0.9% (vol/vol) NaCl; NaCl = injected with 0.9% NaCl; NI = not injected (negative control).
4 ND = not detected. (Table 2) . MOS = injected with 0.1% (wt/vol) mannan oligosaccharide (Alltech Inc., Nicholasville, KY) in 0.9% (vol/vol) NaCl; NaCl = injected with 0.9% NaCl; NI = not injected (negative control).
gut (Fernandez et al., 2000 (Fernandez et al., , 2002 Spring et al., 2000) . Pathogen exclusion by MOS may occur through its mimicking of bacterial binding sites, such as the type-1 fimbrae, thereby blocking the oligosaccharide lectin of pathogens such that they are excluded without attachment to the host intestine; alternatively, it may occur through induction of innate immune mechanisms, including local inflammatory responses and synthesis and secretion of defensins that enhance host defense against pathogens (Kocher et al., 2004; Franklin et al., 2005; Nochta et al., 2009 ). An additional suggested mechanism is alteration of the gut microflora by MOS, resulting in differences in bacterial colonization and general bacterial load (Castillo et al., 2008; Yang et al., 2008c) and, in some cases, an increase in beneficial bacteria such as Lactobacillus and bifidobacteria, which are associated with increased villus length (Baurhoo et al., Figure 5 . Effect of mannan oligosaccharide administration prehatch on mRNA abundance of (A) amino peptidase and (B) sucrase isomaltase in the ileum of birds at embryonic d (E) 20, day of hatch, and 3 d of age. Values (n = 8) are mean fold change. Asterisk indicates significantly different threshold cycle ratio (Table 2) . MOS = injected with 0.1% (wt/vol) mannan oligosaccharide (Alltech Inc., Nicholasville, KY) in 0.9% (vol/vol) NaCl; NaCl = injected with 0.9% NaCl; NI = not injected (negative control). (Table 2) . MOS = injected with 0.1% (wt/vol) mannan oligosaccharide (Alltech Inc., Nicholasville, KY) in 0.9% (vol/vol) NaCl; NaCl = injected with 0.9% NaCl; NI = not injected (negative control).
2007b, 2009). Another bacterium-related MOS mechanism is competitive exclusion of pathogens. It has been suggested that an increase in the number of goblet cells following MOS supplementation (Baurhoo et al., 2007b (Baurhoo et al., , 2009 Solis de los Santos et al., 2007) causes the establishment of an intestinal population of lactobacilli and bifidobacteria (Baurhoo et al., 2007b (Baurhoo et al., , 2009 , which has been associated with competitive exclusion of pathogens (Rolfe, 2000; van der Wielen et al., 2002) . Excluding the possible effects of MOS on gut microflora because the embryo's intestine is considered sterile prehatch (Yegani and Korver, 2008) and based on our findings in which no bacterial DNA was found in cecal content on DOH, methodology applied enabled us to conclude that, in this study, the mechanism underlying the MOS-induced alterations involved a direct effect of MOS on the intestine rather than being mediated by intestinal microflora.
We propose direct binding of MOS to transmembranal receptors on the small intestine of the chicken and consequent induction of a response. Seifert and Watzl (2007) suggested that a direct effect of other oligosaccharides (inulin and oligofructose) may result from interaction of those with carbohydrate receptors on intestinal epithelial cells and immune cells, or possibly even partial absorption of the oligosaccharides, resulting in local and systemic responses. Several potential pathways could explain a direct effect of MOS on host responses. Among the receptors are several host transmembrane molecules, potentially including the TLR (Harris et al., 2006) , mannose receptors (Netea et al., 2006) , the galectin family receptors (Almkvist and Karlsson, 2004) , and the transmembrane mucins (MUC1 and MUC4; Carraway et al., 2003) . In addition, direct attachment of MOS to immune cells might occur through carbohydrate receptors located on immune cells. Evidence of such receptors, for example the C-type lectin-like receptors dectin-1 cluster, has been shown to be located on immune cells such as monocytes, macrophages, neutrophils, and microglia (Brown, 2006) . Further research under germ-free conditions should include a molecular study of the pathways involved after the interaction of MOS with transmembrane receptors.
In conclusion, given the absence of bacteria in the embryonic intestine, this study shows a direct effect of MOS on intestinal maturation and development. The in ovo administration of MOS shows a short-term effect resulting in a hatching chick with more mature enterocytes in the small intestine and enhanced digestive capacity and epithelial barrier, which can, in turn, improve development and growth in the first days after hatch. The beneficial effects of MOS begin 72 h after in ovo administration and last at least until DOH.
